, Deepa Manwani 3 , Arthur Mortha 4, 5 , Chunliang Xu 1, 2 , Jeremiah J. Faith 5, 6 , Robert D. Burk Blood polymorphonuclear neutrophils provide immune protection against pathogens, but may also promote tissue injury in inflammatory diseases 1, 2 . Although neutrophils are generally considered to be a relatively homogeneous population, evidence for heterogeneity is emerging 3, 4 . Under steady-state conditions, neutrophil heterogeneity may arise from ageing and replenishment by newly released neutrophils from the bone marrow 5 . Aged neutrophils upregulate CXCR4, a receptor allowing their clearance in the bone marrow 6, 7 , with feedback inhibition of neutrophil production via the IL-17/G-CSF axis 8 , and rhythmic modulation of the haematopoietic stem-cell niche 5 . The aged subset also expresses low levels of L-selectin 5, 9 . Previous studies have suggested that in vitro-aged neutrophils exhibit impaired migration and reduced pro-inflammatory properties 6, 10 . Here, using in vivo ageing analyses in mice, we show that neutrophil pro-inflammatory activity correlates positively with their ageing whilst in circulation. Aged neutrophils represent an overly active subset exhibiting enhanced a M b 2 integrin activation and neutrophil extracellular trap formation under inflammatory conditions. Neutrophil ageing is driven by the microbiota via Toll-like receptor and myeloid differentiation factor 88-mediated signalling pathways. Depletion of the microbiota significantly reduces the number of circulating aged neutrophils and dramatically improves the pathogenesis and inflammation-related organ damage in models of sickle-cell disease or endotoxin-induced septic shock. These results identify a role for the microbiota in regulating a disease-promoting neutrophil subset.
Neutrophils are a critical component of innate immunity. However, activated neutrophils can also promote certain diseases by secreting pro-inflammatory cytokines, and by interacting with other immune or blood cells 2 . For example, activation of a M b 2 (Mac-1) integrin enables adherent neutrophils to interact with platelets and red blood cells (RBCs) 11 . In sickle-cell disease (SCD), a severe blood disorder originating from a single mutation in the b-globin gene (Hbb) 12 , the capture of sickle RBCs by activated Mac-1 on adherent neutrophils leads to acute vaso-occlusion, resulting in life-threatening crises 11, 13, 14 . Intravital microscopy analyses have revealed considerable heterogeneity in Mac-1 activation on neutrophils recruited to the same venules of SCD mice, suggesting that subsets of neutrophils differ markedly in their pro-inflammatory activity 11 .
To investigate whether the heterogeneity in pro-inflammatory activity of neutrophils is associated with their ageing, we first validated that neutrophils progressively lost L-selectin (CD62L) expression and upregulated CXCR4 as they aged whilst in circulation 5 (Extended Data  Fig. 1a, b) . We analysed CD62L lo neutrophils in vivo using multichannel fluorescence intravital microscopy (MFIM) analysis 11, 13 . Notably, CD62L expression on adherent neutrophils in tumour necrosis factor a (TNFa)-inflamed post-capillary venules inversely correlated with Mac-1 activation (Fig. 1a, b) , as determined using fluorescent microsphere beads that specifically bound to activated Mac-1 11 . In addition, a similar inverse correlation was observed in the ability of adherent neutrophils to capture RBCs (Fig. 1b) .
Next, we analysed neutrophil populations in mice lacking P-selectin (Selp
2/2
), an adhesion molecule essential for neutrophil recruitment under steady-state conditions 5, 15 . We found that the CD62L lo CXCR4 hi aged neutrophil population was dramatically expanded in Selp 2/2 mice, and neutrophils harvested from Selp 2/2 mice showed significantly higher Mac-1 activity compared to those harvested from wild-type mice ( Fig. 1c and Extended Data Fig. 1c, d ). In addition, we analysed neutrophil populations after depletion of macrophages-which mediate neutrophil clearance 16 -using animals expressing a knocked-in diphtheria toxin receptor at the Cd169 locus (CD169-DTR) 17 . We found that the aged neutrophil population was significantly expanded without elevation of major inflammatory cytokines, and Mac-1 activation was significantly increased on adherent neutrophils in macrophage-depleted mice ( Fig. 1d and Extended Data Fig. 1e, f) . These data suggest that CD62L lo CXCR4 hi aged neutrophils exhibit enhanced Mac-1 activation during inflammation.
To evaluate the specificities of ageing versus the activation of an inflammatory program, we compared the transcriptome of control, aged and TNFa-activated neutrophils. We transfused whole blood and collected donor neutrophils 6 h later to derive in vivo-aged neutrophils, and compared them to control neutrophils that were transferred for only 10 min. Additionally, we obtained neutrophils from TNFa-treated mice for comparison with neutrophils activated by systemic inflammation. Gene set enrichment analyses 18 revealed that aged neutrophils differed from activated neutrophils in many aspects, such as cytokine and chemokine secretion, Ras and P38/MAPK signalling pathways (Fig. 1e) . However, aged neutrophils upregulated several pathways that were also enhanced during neutrophil activation, including integrin and leukocyte adhesion, Toll-like receptor (TLR) and NOD-like receptor (NLR), and NFkB signalling pathways (Fig. 1e , f and Extended Data Table 1 , 2). Analysis of surface antigens revealed that aged neutrophils exhibited significantly higher levels of TLR4 and molecules involved in cell migration and intercellular interactions, including CD11b, CD49d, and Icam1 ( Fig. 1g and Extended Data Fig.  1g-i ). These results demonstrate that neutrophils constitutively receive priming signals and become more active as they age in circulation.
The upregulation of several inflammatory pathways in aged neutrophils suggests a contribution by exogenous inflammatory mediators. Microbiota-derived molecules may cross the intestinal barrier to exert systemic influences, affecting multiple immune populations including T cells, innate lymphoid cells and macrophages 19, 20 . Recent studies suggest that neutrophil production and the phagocytic capacity of bone-marrowderived neutrophils may be regulated by the microbiota [21] [22] [23] [24] , raising the possibility that these factors also influence the ageing process of circulating neutrophils.
We sought to test this hypothesis by treating mice with broadspectrum antibiotics (ABX) for 4-6 weeks 19, 23 efficient depletion and dramatic alterations in the composition of the gut microbiota (Extended Data Fig. 2a-d) . Microbiota depletion resulted in significant and selective reductions of neutrophil numbers in circulation and bone marrow, and a significant reduction in spleen cellularity with decreased numbers of multiple leukocyte populations (Extended Data Fig. 3a-d) . Notably, both the percentages and numbers of aged neutrophils were significantly reduced in ABX-treated mice, and the numbers were completely restored when the TLR4 ligand lipopolysaccharide (LPS) was added back by intragastric gavage (Fig. 2a) . We further analysed neutrophil-LPS interaction by administering fluorescently labelled LPS, and found that as soon as 1 h after LPS gavage, specific fluorescence signals were detectable on neutrophils in circulation, the spleen and bone marrow (Extended Data  Fig. 3e ). In addition, we found that the reintroduction of the TLR2 ligand peptidoglycan, but not the NOD1/2 activator mTriDAP, could also restore the numbers of aged neutrophils in ABX-treated mice (Extended Data Fig. 3f ), suggesting that multiple microbiota-derived molecules may contribute to neutrophil ageing under steady-state conditions.
To validate that the microbiota could indeed regulate neutrophil ageing, we analysed neutrophil populations in germ-free mice. Compared to specific-pathogen-free animals, germ-free mice exhibited broad alterations in both innate and adaptive immune cells (Extended Data Fig. 4a-c) . Consistently, the numbers of total and aged neutrophils were significantly reduced in germ-free mice, and the numbers were partially restored when germ-free mice were reconstituted by fecal transplantation. In addition, treating germ-free mice with ABX did not further reduce their aged neutrophil numbers ( Fig. 2b and Extended Data Fig. 4d, e) . Furthermore, we transfused whole blood obtained from wild-type donor mice into wild-type, ABXtreated or germ-free recipients. The percentages of chronologically aged donor neutrophils progressively increased after the transfusion, hi aged neutrophils and MFIM analysis of Mac-1 activation on neutrophils from wild-type (WT) and Selp 2/2 mice (c; middle, n 5 5, 6 mice, respectively; right, n 5 3, 4 mice, respectively), or in diphtheria-toxin-treated wild-type and CD169-DTR mice (d; middle: n 5 7 mice; right: n 5 8 mice).
e, Heat map of normalized enrichment scores (NES) for selected pathways in aged and TNFa-activated neutrophils, as compared to control neutrophils (n 5 3 mice). Red, upregulation; blue, downregulation. f, g, Cxcl2, Itgam and Tlr4 mRNA expression levels determined by quantitative PCR in control and aged neutrophils (f; left, n 5 5, 6 mice, respectively; middle, n 5 6, 4 mice, respectively; right, n 5 6, 5 mice, respectively), and surface expression levels of TLR4 and selected adhesion molecules determined by flow cytometry on CD62L lo aged and CD62L hi young neutrophils (g; left, n 5 5 mice; right, n 5 4 mice). Error bars, mean 6 s.e.m. *P , 0.05, **P , 0.01, ***P , 0.001, data representing two or more independent experiments analysed with one-way ANOVA (b) or unpaired Student's t-test (c, d, f, g).
LETTER RESEARCH but at a significantly slower rate in ABX-treated and germ-free recipients (Fig. 2c) . These results strongly suggest that neutrophil ageing is delayed in a bacterially depleted environment.
Since alternations in neutrophil clearance may influence the number of aged neutrophils (Fig. 1c, d ), we investigated whether ABX treatment modulates neutrophil ageing by acting on clearance mechanisms. We first analysed adhesion molecule expression on endothelial cells and observed no difference between control and ABX-treated mice (Extended Data Fig. 5a ). Next, we analysed macrophage numbers in the spleen, bone marrow and liver, the organs that clear neutrophils 25 . We found that macrophage numbers decreased by ,36% in the spleen, increased by ,30% in the bone marrow, and did not change in the liver of ABX-treated mice (Extended Data Fig. 5b, c) . Furthermore, we depleted macrophages in ABX-treated mice using the CD169-DTR model, and found that ABX treatment significantly reduced aged neutrophil numbers in macrophage-depleted animals (Extended Data Fig. 5c, d ), suggesting that microbiota-driven ageing and macrophage-mediated clearance are independent mechanisms that regulate the number of aged neutrophils. We then analysed the release-clearance kinetics of circulating neutrophils using a 5-ethynyl-29-deoxyuridine (EdU) pulse-chase labelling strategy 16 . We observed significantly more EdU 1 neutrophils remaining in circulation on day 7, suggesting a delayed clearance in ABX-treated mice (Fig. 2d) . In addition, we investigated the functional impact of microbiota depletion using intravital microscopy, and observed significant reductions in neutrophil adhesion and Mac-1 activation in ABX-treated compared to control mice ( Fig. 2e-g ). These data suggest that neutrophil ageing, which leads to the generation of a functionally overly active subset of neutrophils, is driven by the microbiota.
Neutrophils express multiple pattern recognition receptors, including TLR2 and TLR4 26 , which may directly transduce microbiota-derived signals. Alternatively, microbiota-derived signals may stimulate certain immune cells to secrete pro-inflammatory cytokines such as TNFa and granulocyte-macrophage colony-stimulating factor (GM-CSF) 19, 27 , which could in turn prime circulating neutrophils. To investigate how microbiota-derived signals regulate neutrophil ageing, we characterized aged neutrophils in LysM-cre/Myd88 fl/fl mice, in which Myd88, a signalling molecule that mediates most TLR signalling, is specifically deleted in myeloid cells. Notably, we observed significant reductions in the percentages and numbers of aged neutrophils in these mice ( Fig. 3a and Extended Data Fig. 5e ). Similarly, we also found significant reductions of aged neutrophils in TLR2-and TLR4-knockout mice (Extended Data Fig. 5f ). By contrast, the aged neutrophil population was expanded in TNFa-and GM-CSF-knockout mice ( Fig. 3b and Extended Data Fig. 5g ), suggesting that the microbiota may not drive neutrophil ageing by stimulating TNFa or GM-CSF secretion.
To further delineate how Myd88 mediates microbiota-driven ageing, we adoptively transferred either LysM-cre/Myd88 fl/fl or wild-type neutrophils into wild-type or LysM-cre/Myd88 fl/fl recipient mice, and analysed donor neutrophil ageing in vivo. Interestingly, neutrophil ageing was almost completely abrogated when Myd88-deficient neutrophils were transferred into wild-type recipients, whereas the ageing kinetics remained largely unaffected when wild-type neutrophils were , red) neutrophils and beads (green). Scale bar, 10 mm. Error bars, mean 6 s.e.m. *P , 0.05, **P , 0.01, ***P , 0.001, data representing two or more independent experiments analysed with unpaired Student's t-test (a-c) or paired Student's t-test (d, e).
fl/fl recipients (Fig. 3c) . Next, we generated chimaeric mice reconstituted with a mixture of wild-type and Myd88-, TLR4-or TLR2-deficient bone marrow cells, which enabled us to compare wild-type and deficient neutrophils in the same mouse, thus avoiding potential differences caused by the environment. Consistently, we observed significantly lower percentages of the aged subset in Myd88-, TLR2-and TLR4-deficient neutrophils, compared to wild-type neutrophils in the same chimaeric mice (Fig. 3d) . By contrast, the percentages of total neutrophils in Myd88-, TLR2-and TLR4-deficient leukocytes were unaltered or expanded (Extended Data Fig. 5h) , suggesting a specific effect of TLR and Myd88 deficiency on ageing, but not the generation, of neutrophils. We also subjected these chimaeric mice to intravital microscopy, and found significantly lower Mac-1 activity on Myd88-, TLR4-and TLR2-deficient neutrophils (Fig. 3e, f and Extended Data Fig. 5i ). These findings strongly suggest that neutrophil TLRs and Myd88 signalling mediate microbiota-driven neutrophil ageing.
In addition to analysing Mac-1 activation, we investigated whether ageing affects the ability of neutrophils to form neutrophil extracellular traps (NETs) in response to pathological stimulation. We enriched aged neutrophils by injecting antibodies to block P-and E-selectins 5 , and found that neutrophils obtained from anti-selectin-treated mice exhibited significantly increased reactive oxygen species (ROS) production (Extended Data Fig. 6a, b) . We induced NET formation by treating neutrophils with LPS in vitro 28 , and quantified NETs based on the co-localization of DNA with citrullinated histone H3 (CitH3) and neutrophil elastase 29 . We found that NET formation was significantly increased in neutrophils collected from anti-selectin-treated mice. By contrast, neutrophils isolated from ABX-treated mice exhibited a marked reduction in NET formation (Extended Data Fig. 6c, d ).
To investigate whether microbiota depletion impacts NET formation in vivo, we challenged control and ABX-treated mice with a lethal dose of LPS to induce septic shock 15 , and injected fluorophoreconjugated antibodies to image NETs in the liver vasculature. Notably, we observed a significant reduction in the number of NETs formed in septic liver after microbiota depletion, and dramatic decreases in soluble NET biomarkers-plasma nucleosome and plasma DNA (Extended Data Fig. 7a, b) . In addition, immunofluorescence analyses revealed that the septic liver vasculature contained numerous aggregated CitH3 1 neutrophils, which was commonly found to be associated with fibrin deposition (Extended Data Fig. 7c, d ). By contrast, CitH3 1 neutrophils, neutrophil aggregates and fibrin deposition were markedly reduced in ABX-treated mice, leading to significantly prolonged survival of these mice (Extended Data Fig. 7c-g ). Remarkably, this improvement in survival was abrogated by infusing aged neutrophils, but not by infusing the same number of young neutrophils back into ABX-treated mice (Extended Data Fig. 7g ).
To assess further the role of neutrophil ageing in a disease model, we analysed mice with SCD, a disease characterized by recurrent episodes of vaso-occlusion in which neutrophils play a primary function 11, 14 . While SCD mice exhibited significant expansion of all major leukocyte subsets compared to hemizygous mice, ABX-mediated microbiota depletion led to a significant and selective reduction of neutrophils, but not other leukocyte populations (Extended Data Fig. 8a) . Notably, the numbers of aged neutrophils were expanded more than tenfold in SCD mice, and the expansion was completely abrogated by microbiota depletion (Fig. 4a) .
To investigate the functional impact of reduced aged neutrophil numbers in disease outcome, we challenged hemizygous, untreated and ABX-treated SCD mice with TNFa and evaluated the cremaster microcirculation by intravital microscopy 11, 14 . SCD mice exhibited significant increases in neutrophil adhesion, Mac-1 activation and heterotypic interactions with RBCs compared to hemizygous mice, all of which were markedly reduced by microbiota depletion (Fig. 4b, c and Extended Data Fig. 8b, c) , resulting in enhanced blood flow and significantly improved survival of ABX-treated SCD mice (Fig. 4d) . Interestingly, the splenomegaly of SCD mice was significantly reduced, and liver damage including fibrosis, necrosis and inflammation was dramatically alleviated in ABX-treated SCD mice (Fig. 4e, f and Extended Data Fig. 8d, e) . To test the impact of impaired neutrophil clearance in SCD, we depleted macrophages in the liver, spleen and bone marrow using clodronate liposomes 17 . Macrophage depletion markedly increased circulating aged neutrophils (data not shown) and resulted in acute vaso-occlusive crises that led to the death of all mice within 10-30 h (Fig. 4g) . Together, these data suggest that the microbiota regulates aged neutrophil numbers, thereby affecting both acute vaso-occlusive crisis and the ensuing chronic tissue damage in SCD.
Finally, we evaluated whether the numbers of circulating aged neutrophils were altered in patients with SCD. As penicillin V antibiotic prophylaxis therapy is recommended for children less than 5 years old . h, Numbers of total and aged neutrophils in healthy controls, SCD patients (SS), and SCD patients on penicillin V prophylaxis (SS-PV; n 5 9, 23,11 subjects, respectively). Error bars, mean 6 s.e.m. *P , 0.05, **P , 0.01, ***P , 0.001, data representing two or more independent experiments analysed with unpaired Student's t-test (a-d (left), e, h) or log-rank test (d (right), g).
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or older patients with immune defects to prevent life-threatening infections 30 , we determined aged neutrophil numbers in this patient population (Extended Data Fig. 8f, g ). While there was no significant difference in total neutrophil numbers between SCD patients and healthy subjects, patients in the penicillin V prophylaxis group had significantly lower total neutrophil numbers (Fig. 4h) . Consistent with our results in the mouse model, we found that SCD patients exhibited a marked increase in the numbers of circulating aged neutrophils compared to healthy controls. Remarkably, we observed significant reductions in both percentages and numbers of aged neutrophils in patients on penicillin V prophylaxis compared with SCD patients not taking antibiotics (Fig. 4h and Extended Data Fig. 8f ). Age differences, gender or hydroxyurea intake in this case-control study did not mitigate the effect of antibiotic treatment on aged neutrophil numbers (Extended Data Fig. 8h) , although a prospective study with age-matched subjects will be needed to ascertain the independent value of antibiotics in controlling aged neutrophil numbers in SCD.
Neutrophils are among the shortest-lived cells in the body 1 . However, the evolutionary forces behind their rapid turnover remain unclear. Our results suggest that signals from the microbiota, through TLRs and Myd88, gradually lead them to become more functionally active. These data thus emphasize the notion that immunity is maintained by a balanced activation resulting from encounters with the microbiota, and provide a possible explanation for the evolutionary pressure that maintains an energy-consuming short lifespan as a mechanism to fine-tune the proportion of highly active neutrophils while balancing the risk of tissue injury. To our knowledge, this is the first therapy shown to alleviate the chronic tissue damage induced by SCD. Although antibiotic therapy normalized the overly active aged neutrophil population in SCD patients, the extent to which this treatment affects the gut microbiota or vaso-occlusive disease is open to future investigations. Our results raise the possibility that manipulation of the microbiome may have sustained implications in disease outcome that should be further studied in clinical trials.
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Correspondence and requests for materials should be addressed to P.S.F. (paul.frenette@einstein.yu.edu). ) mice were purchased from The Jackson Laboratory. Tlr2 2/2 and Tlr4 2/2 mice were kindly provided by E. G. Pamer (Memorial Sloan-Kettering Cancer Center, NY). C57BL/6 CD45.1 and CD45.2 mice were purchased from the National Cancer Institute. Six-to eight-week-old mice were used for experiments. All mice were housed in specific-pathogen-free conditions and fed with autoclaved food; experimental procedures performed on mice were approved by the Animal Care and Use Committee of Albert Einstein College of Medicine. Germ-free C57/BL6 mice were maintained in sterile isolators with autoclaved food and water in the Gnotobiotic Core of Icahn School of Medicine at Mount Sinai. For fecal transplantation experiments, 100 mg of feces pellets was resuspended in 1 ml of PBS, homogenized, and filtered through a 70-mm strainer. Recipient germ-free mice were gavaged with 200 ml of the filtrate. Human samples. Blood was obtained from healthy volunteers, SCD patients and SCD patients on penicillin V prophylaxis after parental consent and child assent as approved by the Institutional Review Board of Albert Einstein College of Medicine. SCD patients were recruited upon routine visits at the sickle-cell clinic of Montefiore Medical Center. Among the 34 patients recruited for the study, 11 were on penicillin V owing to age (less than 5 years old) or defective immunity, and 23 were off antibiotic treatment for at least 2 months. Patients with acute infection or vaso-occlusive crisis were excluded from the study. Bone marrow transplantation. Age-and gender-matched sickle-cell disease (SS) and control hemizygous (SA) mouse cohorts were generated by transplanting bone marrow nucleated cells from Berkeley sickle-cell mice or control hemizygous mice into lethally irradiated C57BL/6 mice as described before 11, 14 . Fully reconstituted mice (. 97%) were used for studies. Chimaeric mice used to study neutrophil TLRs were generated by transplanting a 1:1 mixture of bone marrow nucleated cells from C57BL/6 mice (CD45. For the analysis of neutrophil-LPS interaction, untreated wild-type mice were fed with 300 mg LPS-FITC (Sigma) by intragastric gavage, and tissues were harvested 1 h after gavage. Adoptive transfer. For in vivo neutrophil ageing analysis, whole blood from donor mice was transfused into recipient mice by retro-orbital injection. Donor neutrophils in blood were tracked based on CD45.1 and CD45.2 expression by flow cytometry. For microarray analyses, control and aged neutrophils were derived by in vivo ageing for 10 min and 6 h, respectively. Activated neutrophils were harvested from mice injected with 0.5 mg TNFa (R&D Systems) for 2 h. To analyse Mac-1 activation of neutrophils from wild-type and Selp 2/2 mice, 3-5 3 10 6 leukocytes were harvested from blood following red blood cell (RBC) lysis, and were labelled with red fluorescent dye PKH26 (Sigma) according to the manufacturer's protocol before the transfer into recipient mice. Macrophage depletion. For the depletion of CD169 1 macrophages, wild-type or CD169-DTR mice were injected intraperitoneally with two doses of 10 mg kg 21 body weight diphtheria toxin (Sigma) 3 days apart. Mice were analysed 5 days after the second injection. For depletion of macrophages in SCD mice, mice were injected intravenously with 250 ml PBS-or clodronate-encapsulated liposomes (the Foundation Clodronate Liposomes) as described before 17 . Flow cytometry and cell sorting. Cells were surface-stained in PEB buffer (PBS supplemented with 0.5% BSA and 2 mM EDTA) for 20-30 min on ice. Multiparametric flow cytometric analyses were performed on a LSRII equipped with FACS Diva 6.1 software (BD Biosciences) and analysed with FlowJo software (Tree Star). Dead cells were excluded by FSC, SSC and 49,6-diamino-2-phenylindole (DAPI, Sigma) staining. Cell sorting experiments were performed on Aria Cell Sorter (BD Biosciences Fluorophore-conjugated or biotinylated antibodies against mouse Gr-1 (RB6-8C5), CD115 (AFS98), CD3 (145-2C11), B220 (RA3-6B2), PE-anti-CXCR4 (2B11), CD45.1 (A20), CD45.2 (104), CD11b (M1/70), ICAM-1 (YN1/ 1.7.4), CD11c (N418), CD49d (R1-2), CD45 (30-F11), Sca-1 (D7), c-Kit (2B8), CD34 (RAM34), and F4/80 (BM8) were from eBioscience. Antibodies specific to CD62L (MEL-14) and Biotin Mouse Lineage Panel (TER-119, RB6-8C5, RA3-6B2, M1/70, 145-2C11) were from BD Pharmingen. Antibodies against CD47 (miap301), CD150 (TC15-12F12.2), CD48 (HM48-1) and CD16/32 (93) were from BioLegend. Blood leukocyte counts. Blood was harvested from the retro-orbital plexus, collected in EDTA or heparin, and analysed on an ADVIA 120 hematology system (SIEMENS). Brightfield intravital microscopy. Experimental procedures and data analyses were performed as previously described 11, 13, 14 . In brief, male mice were injected intrascrotally with 0.5 mg TNFa (R&D Systems), and were anaesthetized 2 h later by intraperitoneal injection of a mixture of 2% chloralose (Sigma) and 10% urethane (Sigma) in PBS. Tracheal intubation was performed to ensure normal respiration after anaesthesia. The cremaster muscle was gently exteriorized, and mounted onto a microscopic stage, and then superfused with Ringer solution (pH 7.4, 37 uC). Under the microscope, leukocyte rolling, adhesion, transmigration and neutrophil-RBC interactions in post-capillary venules (20-40 mm in diameter) were captured using a custom-designed upright microscope (MM-40, Nikon) equipped with a 60 3 water-immersion objective (Nikon). Adhesion was quantified as the number of leukocytes remaining stationary for more than 20 s within a 100 mm venular segment. In this model, more than 90% of adherent leukocytes are neutrophils based on previous studies 13 . Neutrophil-RBC interactions were defined as the associations between an RBC and an adherent leukocyte for more than 3 s, and quantified as the number of interactions within a 100 mm vessel segment per minute. At least eight vessels from each animal were recorded and analysed using a charge-coupled video camera (Hamamatsu) and video recorder (Sony SVHS, SVO-9500). Venular diameters were measured using a video caliper, and centerline red cell velocity (V RBC ) for each venule recorded was measured using an optical Doppler velocimeter (Texas A&M). Blood flow rate (Q) was calculated as Q~V mean |pd 2 4 , where d is venule diameter, V mean is estimated as VRBC 1:6 . Multi-channel fluorescence intravital microscopy. MFIM analyses of Mac-1 activation of adherent neutrophils were performed as previously described 11 . In brief, yellow-green fluorescent microsphere beads (1.0 mm, Life Technologies) were incubated with 1 mg ml 21 BSA (Fisher Bioreagents) for at least 2 h in PBS and sonicated for 15 min in a water-bath sonicator (Laboratory Supplies Co.). Albumin-coated beads (10 9 beads per mouse) were injected into mice prepared for intravital microscopy 3 h after TNFa injection. For measurement of CD62L expression on adherent neutrophils, mice were intravenously injected with 4 mg APC-anti-CD62L (clone MEL-14, BD Pharmingen). For in vivo staining of CD45 alleles, mice were intravenously injected with 5-10 mg Alexa Fluor 647-anti-CD45.2 (clone 104, Biolegend) and biotin-anti-CD45.1 (clone A20, eBioscience), and 20 min later injected with 5-10 mg streptavidin eFluor 450 (eBioscience). Images and videos were captured using an Axio Examiner.D1 microscope (Zeiss) equipped with a Yokogawa CSU-X1 confocal scan head with four stack laser system (405 nm, 488 nm, 561 nm, and 642 nm wavelengths) and a 60 3 water-immersion objective, and analysed using Slidebook software (Intelligent Imaging Innovations). Mac-1 activation of adherent neutrophils was quantified as the average number of beads captured by each adherent neutrophil in post-capillary venules, and the percentage of cells that captured more than eight beads. Intravital microscopic studies of SCD mice. Male mice were injected intraperitoneally with 0.5 mg TNFa (R&D Systems), and 2 h later neutrophil responses were analysed as described above. Survival times, defined as the time from TNFa injection until death, were recorded. Microarray analysis. Total RNA from 2,000 sorted neutrophils was extracted using RNeasy Plus Micro Kit (Qiagen) according to the manufacturer's protocol. All further steps were performed at the Genomics Core Facility at Albert Einstein College of Medicine. RNA was amplified using Ovation One-Direct System (NuGEN). Amplified cRNA was labelled with the GeneChip wild-type terminal labelling kit (Affymetrix), hybridized to Mouse Gene ST 1.0 microarrays (Affymetrix), and scanned by GeneChip Scanner 3000 7G system (Affymetrix) according to standard protocols. Raw data were normalized by RMA algorithm and analysed using the Gene Pattern analysis platform (Broad Institute). After removal of unannotated genes, gene set enrichment analysis was performed with all C2 gene sets from the Molecular Signatures Database (v5.0, Broad Institute). Gene sets with a P value of , 0.05 in either aged or activated groups were considered to have significant differences compared to control group. Normalized enrichment score (NES) for selected pathways related to neutrophil functions were depicted as a heat map, with gene sets clustered by functional classifications.
Quantitative real-time PCR (qPCR). Messenger RNA extraction from 500-2,000 sorted neutrophils using Dynabeads mRNA DIRECT Kit (Life Technologies) and reverse transcription using RNA to cDNA EcoDry Premix (Clontech) were preformed according to the manufacturer's protocols. qPCR was performed with SYBR GREEN (Roche) on ABI PRISM 7900HT Sequence Detection System (Life Technologies). The PCR protocol started with one cycle at 95 uC (10 min) and continued with 40 cycles at 95 uC (15 s) and 60 uC (1 min). Expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as a standard. The average threshold cycle number (C T ) for each tested gene was used to quantify the relative expression of each gene: 2 (CT(standard){CT(gene)) . Primers include: Gapdh forward, TGTGTCCGTCGTGGATCTGA; Gapdh reverse, CCTGC TTCACCACCTTCTTGA; Tlr4 forward, ATGGCATGGCTTACACCACC; Tlr4 reverse, GAGGCCAATTTTGTCTCCACA; Icam1 forward, GGACCAC GGAGCCAATTTC; Icam1 reverse, CTCGGAGACATTAGAGAACAATGC; Itgam forward, CTGAACATCCCATGACCTTCC; Itgam reverse, GCCCAAGG ACATATTCACAGC; Cxcl2 forward, CGCTGTCAATGCCTGAAG; Cxcl2 reverse, GGCGTCACACTCAAGCTCT. ELISA. Concentrations of IFN-c, IL-6, TNFa and IL-1b were measured in plasma from wild-type and CD169-DTR mice 5 days after diphtheria toxin treatment using ELISA kits (eBioscience) according to the manufacturer's instructions. For measurement of NET biomarkers, plasma nucleosome was measured using Cell Death Detection ELISA Plus kit (Roche), and plasma DNA was measured using Sytox Green (Life Technologies) as previously described 29 . 16S rDNA quantification. Stool pellets were collected and total DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (Qiagen). Quantification of 16S rDNA was performed by real-time qPCR using TaqMan Universal Master Mix (Life Technologies) and the following primers and probe as described 32 : forward, 59-ACTGAGAYACGGYCCA-39; reverse, 59-TTACCGCGGCTGC TGGC-39; Probe 6-FAM-ACTCCTACGGGAGGCAGCAGT-BHQ1. Taxonomic microbiota analysis. Taxonomic microbiota analysis was performed by the Molecular Biology and Next Generation Technology Core at Albert Einstein College of Medicine. In brief, purified 16S rDNA was used for PCR amplification and sequencing. The variable region 4-6 (V4-V6) of the 16S rDNA gene was amplified using barcoded 16V6R1052 and 16SV4F515 primers. Sequencing was performed using paired-end Illumina MiSeq sequencing. Taxonomical classification was obtained using the RDP-classifier to generate an OTU table, and the percentage of each family genus in total microbiome was derived from the OTU values. Neutrophil release-clearance kinetics. Mice were injected intraperitoneally with 2 mg EdU and were bled on day 2-7 after EdU injection. Each mouse was bled only once to avoid the potential change in kinetics caused by bleeding. Cells were surface stained, fixed with 2% paraformaldehyde (PFA), and permeabilized with 0.1% Triton-X. After permeabilization, EdU incorporation was detected by ClickiT EdU Alexa Fluor 647 Imaging Kit (Life Technologies) according to the manufacturer's instructions. In vitro NET assay. Circulating neutrophils were harvested using Percoll Density Centrifugation Media (GE Healthcare) as previously described 29 . In brief, blood was loaded onto a Percoll gradient consisting of 52%, 65% and 78% Percoll layers, and centrifuged at 2,500 r.p.m. for 30 min at room temperature. The cell bands between 65% and 78% layers were harvested, and RBCs were removed using RBC lysis buffer. Purity of 80-95% was constantly achieved with this method, as analysed by flow cytometry. For ROS production assay, neutrophils were treated with 20 mg ml 21 LPS (0111:B4, Sigma) for 30 min. ROS detection was performed using fluorogenic dye Dihydrorhodamine 123 (Life Technologies) as previously described 33 . For NET formation in vitro, neutrophils were attached to poly-Llysine-coated slides and treated with 20 mg ml 21 LPS (0111:B4, Sigma) for 3 h. Following stimulation, cells were stained without fixation with SYTOX Orange (cell impermeable) and SYTO 13 (cell permeable) nucleic acid dyes (Life Technologies) to image DNA fibres and distinguish live and dead cells. After DNA staining, cells were fixed, permeabilized and blocked as previously described 29 . Cells were incubated with goat anti-neutrophil elastase (sc-9521, Santa Cruz Biotechnology) and rabbit anti-CitH3 (ab5103, Abcam) followed by Alexa Fluor 647 Donkey-anti-goat (Life Technologies) and Brilliant Violet 421 donkey anti-rabbit (Biolegend) secondary antibodies. Species-matching isotype controls were used to confirm fluorescence staining. NETs were defined by DNA fibres co-localized with neutrophil elastase and CitH3 proteins with a length exceeding 40 mm, and quantified as the percentage of NETs among all neutrophils present in the field. In vivo NET assay. For analyses of NET formation in vivo, goat anti-neutrophilelastase (sc-9521, Santa Cruz Biotechnology), and rabbit anti-CitH3 (ab5103, Abcam) were labelled by APEX Alexa Fluor 647 and APEX Alexa Fluor 568 antibody labelling kit (Life Technologies), respectively, according to the manufacturer's instructions. Mice were injected intraperitoneally with 30 mg kg 21 LPS for 3 h, and then were injected intravenously with 5 mg Alexa Fluor 568-labelled antiCitH3, 2 mg Alexa Fluor 647-labelled anti-NE, 10 mg Pacific Blue-labelled anti-CD31 (clone 390 or clone MEC13.3, Biolegend) and 10 mM SYTOX Green (cell impermeable) nucleic acid dye (Life Technologies). Species-matching isotype controls were also labelled using the same protocol and injected into septic mice to validate fluorescence staining. Fresh livers were obtained 20 min after antibody injections, and directly imaged using an Axio Examiner.D1 confocal microscope (Zeiss). Confocal microscopy provided a penetration of ,100 mm into the tissue. Liver vasculature was identified by CD31 staining. NETs were defined by extracellular DNA fibres stained by SYTOX Green, anti-CitH3 and anti-neutrophilelastase antibodies with a length exceeding 40 mm, and quantified as the average number of NETs in each vessel. Immunofluorescence. Tissues were embedded in Tissue-Plus O.C.T. Compound (Fisher HealthCare), and frozen 20-mm thick sections were prepared using a CM3050 S cryostat (Leica). Sections were fixed with 4% PFA for 10 min, and blocked and permeabilized with PBS containing 20% species-matching serum and 0.5% Triton-X for 1-2 h. Adhesion molecules on endothelial cells were stained by PE-anti-P-selectin (clone Psel.KO2.3, eBioscience), PE-anti-E-selectin (clone 10E9.6, BD Pharmingen), PE-anti-Icam1 (clone YN1/1.7.4, eBioscience), and PEanti-VCAM-1 (clone 429, Biolegend). Expression of adhesion molecules was quantified using Slidebook software (Intelligent Imaging Innovations) as previously described 15 . For immunofluorescence staining of neutrophils on sections, goat anti-neutrophil-elastase (sc-9521, Santa Cruz Biotechnology) and rabbit antiCitH3 (ab5103, Abcam) were used, followed by Alexa Fluor 568 Donkey-anti-goat and Alexa Fluor 488 donkey anti-rabbit (Life Technologies) secondary antibodies. For analyses of fibrin deposition, sections were fixed using formalin containing 2% acetic acid for 30 min to remove soluble fibrinogen and leave only cross-linked fibrin in the tissue 34 . Sections were then blocked and permeabilized, and incubated with goat anti-fibrinogen-b (sc-18029, Santa Cruz Biotechnology) and PE-antiLy6G (clone 1A8, biolegend), followed by Alexa Fluor 568 donkey-anti-goat secondary antibody (Life Technologies). In all immunofluorescence experiments, endothelial cells were identified by Alexa Fluor 647-anti-CD31 (MEC13.3, Biolegend) and nuclei were stained by Hoechst 33342 (Life Technologies). Histology analyses of septic mice. Mice were injected intraperitoneally with 30 mg kg 21 LPS, and livers were collected 24 h after injection and fixed in 10% formalin. Histological analyses were performed by the Histology and Comparative Pathology Facility at Albert Einstein College of Medicine according to standard protocols. Survival time was defined as the time from LPS injection until death of the mouse to a maximum of 150 h. Statistical analysis. No statistical methods were used to predetermine sample size. Experiments were performed blind to group allocations, and validated by two investigators independently. Paired and unpaired two-tailed Student's t-tests and Mann-Whitney U-tests were used to compare two groups. One-way ANOVA analysis was used for multiple group comparisons. Log-rank test was used to compare survival curves. Statistical analyses were performed using Graph Pad Prism 6 software. 2/2 mice, labelled by PKH26 (red) and transferred into wild-type recipients. Scale bar, 10 mm. e, Plasma cytokine levels in wild-type and CD169-DTR mice 5 days after diphtheria toxin treatment (n 5 5 mice). f, Percentages of adherent neutrophils that capture more than eight beads in diphtheria-toxin-treated wild-type and CD169-DTR mice (n 5 8 mice). g, h, Flow cytometry analysis of surface marker expression (g), cell size (FSC) and granularity (SSC; h; n 5 7 mice) on CD62L hi young and CD62L lo aged neutrophils. i, CXCR4 expression levels on CD62L hi young and CD62L lo aged neutrophils in wild-type, Selp
2/2
, and CD169-DTR mice (wild type, n 5 13 mice; Selp 2/2 , n 5 4 mice; CD169-DTR, n 5 5 mice). Error bars, mean 6 s.e.m. *P , 0.05, **P , 0.01, ***P , 0.001, data representing two or more independent experiments analysed with one-way ANOVA (b) or unpaired Student's t-test (e-i). . f, Numbers of circulating aged neutrophils in control, ABX-treated, and ABX-treated mice fed with peptidoglycan (PGN) or mTriDAP (left, n 5 11 (Ctrl), 9 (ABX), 9 (ABX1PGN) mice; right, n 5 10 (Ctrl), 10 (ABX), 5 (ABX1mTriDAP) mice). Error bars, mean 6 s.e.m. *P , 0.05, **P , 0.01, ***P , 0.001, data representing two or more independent experiments analysed with unpaired Student's t-test.
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